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We analyze the interactions of particle detectors with coherent states of a free scalar field. We
find that the eigenvalues of the post-interaction density matrices of i) a single detector, ii) two
detectors, and iii) the partial transpose of the latter, are all independent of which coherent state the
field was in. A consequence of these results is that a detector pair can harvest the same amount of
entanglement from any coherent field state as from the vacuum.
I. INTRODUCTION
The study of entanglement in the context of quan-
tum field theory has garnered a lot of attention over the
last several decades. In particular, since Summers and
Werner showed that the vacuum state of a free quantum
field is entangled [1, 2], there has been a plethora of work
seeking to discover operational approaches that make use
of this entanglement, such as, for example, in protocols
of quantum energy teleportation [3–5].
Another protocol, entanglement harvesting, was first
studied by Valentini [6] and later by Reznik et al. [7, 8].
They showed that a pair of quantum two-level systems
(which we call particle detectors) that are initially uncor-
related, can become entangled after locally interacting
with the background quantum field. In fact the detec-
tors do not even need to be causally connected for this
to occur, a result that operationally proves that spacelike
separated regions of a quantum field are entangled.
Since these early studies first investigated entangle-
ment harvesting from the scalar vacuum, it has been
found that entanglement harvesting is also possible in
timelike separation [9–11] from thermal states [10, 12],
as well as from the electromagnetic vacuum using fully-
equipped hydrogen-like atoms [13]. Designing experi-
ments to realize these protocols is, in principle, within
reach of current technology. For instance, the experi-
mental feasibility of entanglement harvesting, both time-
like and spacelike, has already been assessed in previous
literature [14–16].
The study of entanglement harvesting is of interest for
both fundamental and practical reasons. For example, on
the fundamental side, entanglement harvesting is highly
sensitive to spacetime geometry [17] and topology [18].
On the more applied side (but still in a theoretical con-
text), possible applications of entanglement harvesting
have been proposed in the field of metrology, such as
in rangefinding [19] and precise vibration detection [20].
Meanwhile, others have suggested that it may be possible
to repeatedly harvest and distill significant amounts of
entanglement from the quantum field into atomic-based
Bell pairs, which could then be used for quantum infor-
mation purposes [21].
To deepen our fundamental understanding of the phe-
nomenon of entanglement harvesting, and to take the
step from theoretical proposals towards an experimental
realization of an entanglement harvesting protocol, it is
necessary to investigate what parameters can be altered
in the physical setup so as to optimize the amount of har-
vestable entanglement. The dependence of entanglement
harvesting from the scalar vacuum on relevant parame-
ters of the setup, such as spacetime dimensionality and
the properties of the detectors (e.g. their energy gaps),
has been investigated in some detail in past literature
[22, 23]. However, excepting a few cases such as ther-
mal states, there have not been any studies of the field
state dependence of entanglement harvesting known to
the authors.
Thinking along these lines, we ask the following ques-
tion: if we shine two Unruh-DeWitt particle detectors
with coherent light (or more precisely, if we allow them
to interact with a coherent field state), then how much
entanglement can they harvest from the field? In answer-
ing this question we will come to a much more general re-
sult. Namely, we will show that following the interaction
of the detectors with the field, the one- and two-detector
density matrix eigenvalues, as well as the eigenvalues of
the partially-transposed two-detector density matrix, are
independent of which coherent state the field was in, at
least to second order in the detectors’ coupling strengths
to the field. This means that any property of the detec-
tors that depends only on the spectra of these matrices
(e.g., the von Neumann entropy) will be invariant under
phase-space displacements of the vacuum. Hence, as a
corollary, we will answer our question: irrespective of the
detectors’ properties or the spacetime dimensionality, the
detector pair can harvest the same amount of entangle-
ment from any coherent state as it can from the vacuum.
This paper is organized as follows. In Sec. II A we
introduce coherent states of a free scalar field. Then,
in Sec. II B, we review the concept of particle-detectors
and describe their interactions with the field using the
Unruh-DeWitt model. In Sec. III we calculate density
matrix and partially-transposed density matrix spectra.
We present our conclusions in Sec. IV. Additional tech-
nical details are provided in Appendices A and B, and
natural units ~ = c = 1 are used throughout.
2II. SETUP
A. Coherent states of the scalar quantum field
A scalar quantum field in (n + 1)-dimensional flat
spacetime can be expanded in plane wave modes as
φˆ(x, t) =
∫
dnk√
2(2pi)n|k|
[
aˆ†
k
ei(|k|t−k·x) +H.c.
]
, (1)
with the creation and annihilation operators, aˆ†
k
and aˆk,
respectively, satisfying the canonical commutation rela-
tions
[aˆk, aˆk′ ] = [aˆ
†
k
, aˆ†
k′
] = 0, [aˆk, aˆ
†
k′
] = δ(n)(k − k′). (2)
The ground state of the field is denoted |0〉 and by defi-
nition satisfies
aˆk|0〉 = 0, (3)
for all wavevectors k ∈ IRn.
Analogously to coherent states of a simple harmonic
oscillator, we define a coherent state of the quantum field
to be any state |α(k)〉 satisfying
aˆk′ |α(k)〉 = α(k
′)|α(k)〉. (4)
The complex valued coherent amplitude distribution α(k)
characterizes the coherent state |α(k)〉. Notice that the
ground state |0〉, as defined in (3), is a coherent state
with vanishing coherent amplitude. We will find it useful
to write |α(k)〉 as a displacement of the vacuum in phase
space:
|α(k)〉 = Dˆα(k)|0〉 := exp
(∫
dnk
[
α(k)aˆ†
k
−α∗(k)aˆk
])
|0〉.
(5)
The proof that this is indeed a coherent state satisfy-
ing (4) is straightforward. Using the Baker-Campbell-
Hausdorff formula [24] and the canonical commutation
relations (2) we find that
[aˆk′ , Dˆα(k)] = α(k
′)Dˆα(k). (6)
Together with (3) this immediately proves the result.
The unitary operator Dˆα(k) is usually referred to as
a displacement operator because it implements transla-
tions in phase space. In other words, the phase space dis-
tribution of |α(k)〉 is a Gaussian centered away from the
origin that saturates the Heisenberg uncertainty relation.
Coherent states are particularly relevant in quantum op-
tics since they model coherent light (e.g. from a laser),
for which the photon number statistics follow a Poisson
distribution [25].
B. Detector-field interaction
1. Single detector
We first consider a single, stationary particle detector
A at position xa in flat spacetime. This detector couples
locally to a scalar quantum field according to the Unruh-
DeWitt model [26], which succeeds in capturing most of
the fundamental features of the light-matter interaction
when angular momentum exchange does not play a dom-
inant role in the detector’s dynamics [13, 27, 28]. This
simple but powerful detector model has been successfully
used to analyze information flows in relativistic settings
in previous literature [29–34]. The model considers the
detector to be a two-level quantum system (i.e. a qubit),
with ground state |ga〉, excited state |ea〉, and energy gap
Ωa. The detector is, in general, considered to have spa-
tial extent, characterized by the smearing function Fa(x).
The finite size of a detector is particularly relevant when
its trajectory is non-inertial [27, 35–37]. Namely, in order
to ensure that the detector keeps its rigid-body form as it
accelerates, different points of the detector must experi-
ence different accelerations in its center of mass reference
frame. However we will not have to deal with these is-
sues, since we will assume the detector to be inertial.
Suppose that the quantum field starts out in the state
ρˆ
φˆ,0, and the detector in the state ρˆa,0. Hence the initial
state of the detector-field system is
ρˆ0 := ρˆa,0 ⊗ ρˆφˆ,0. (7)
We allow this state to evolve according to the the Unruh-
DeWitt interaction Hamiltonian, which in the interaction
picture takes the form
Hˆi,a(t) = λaχa(t)mˆa(t)
∫
dnxFa(x− xa)φˆ(x, t). (8)
Here, λa is the coupling between the detector and the
field, assumed to be small relative to the pertinent scales
in the problem with the same units (in (n+1)-dimensions
λa has units of [length]
3−n). The non-negative real val-
ued function χa(t) characterizes the detector switching,
and t is the proper time of the stationary detector. Fi-
nally,
mˆa(t) = σˆ
+
a e
iΩat + σˆ−a e
−iΩat, (9)
is the monopole moment of the detector. Here,
σˆ+a = |ea〉〈ga| and σˆ
−
a = |ga〉〈ea| are the SU(2) raising
and lowering operators, respectively.
The detector-field system evolves from the initial state
ρˆ0 according to the unitary Uˆ generated by the interac-
tion Hamiltonian (8):
Uˆ = T exp
[
−i
∫ ∞
−∞
dt Hˆi,a(t)
]
, (10)
where T denotes the time ordering operation. The final
state of the system is
ρˆ = Uˆ ρˆ0Uˆ
†. (11)
We take a perturbative approach to the problem. The
3Dyson expansion of Uˆ for small enough λa is
Uˆ = 1−i
∫ ∞
−∞
dtHˆi,a(t)︸ ︷︷ ︸
Uˆ(1)
−
∫ ∞
−∞
dt
∫ t
−∞
dt′Hˆi,a(t)Hˆi,a(t
′)︸ ︷︷ ︸
Uˆ(2)
+O(λ3a).
(12)
Note that the term Uˆ (i) contains i factors of λa. Thus
the final state of the system can be written as
ρˆ = ρˆ0 + ρˆ
(1) + ρˆ(2) +O(λ3a), (13)
where
ρˆ(1) := Uˆ (1)ρˆ0 + ρˆ0Uˆ
(1)†, (14)
ρˆ(2) := Uˆ (2)ρˆ0 + Uˆ
(1)ρˆ0Uˆ
(1)† + ρˆ0Uˆ
(2)†. (15)
The final state ρˆa of the detector subsystem is then ob-
tained by tracing out the field. Namely
ρˆa := Trφˆ(ρˆ) = ρˆa,0 + ρˆ
(1)
a + ρˆ
(2)
a +O(λ
3
a), (16)
where
ρˆ
(i)
a := Trφˆ(ρˆ
(i)). (17)
From (12) and (8), one obtains the following expres-
sions for the leading order contributions to the time
evolved density matrix:
ρˆ
(1)
a = iλa
∫ ∞
−∞
dtχa(t)[ρˆa,0, mˆa(t)]V (xa, t), (18)
ρˆ
(2)
a = λ
2
a
[∫ ∞
−∞
dt
∫ ∞
−∞
dt′χa(t
′)χa(t) (19)
× mˆa(t
′)ρˆa,0mˆa(t)W (xa, t,xa, t
′)
−
∫ ∞
−∞
dt
∫ t
−∞
dt′χa(t)χa(t
′)
× mˆa(t)mˆa(t
′)ρˆa,0W (xa, t,xa, t
′)
−
∫ ∞
−∞
dt
∫ t
−∞
dt′χa(t)χa(t
′)
× ρˆa,0mˆa(t
′)mˆa(t)W (xa, t
′,xa, t)
]
, (20)
where V (xa, t) and W (xa, t,xa, t
′) are given by
V (xa, t) :=
∫
dnxFa(x− xa)v(x, t), (21)
W (xa, t,xa, t
′) :=
∫
dnx
∫
dnx′ Fa(x− xa)Fa(x
′ − xa)
× w(x, t,x′, t′), (22)
and they denote the pullbacks of the one- and two-point
functions, v(x, t) and w(x, t,x′, t′), respectively (the lat-
ter one also known as the Wightman function), on the
detectors’ smeared worldlines. These functions are de-
fined as
v(x, t) := Tr
φˆ
[φˆ(x, t)ρ
φˆ,0], (23)
w(x, t,x′, t′) := Tr
φˆ
[φˆ(x, t)φˆ(x′, t′)ρ
φˆ,0], (24)
for an arbitrary initial field state ρˆ
φˆ,0.
2. Two detectors
Let us now consider the case of two two-level particle
detectors (labelled ν ∈ {A,B}), with ground and excited
states |gν〉 and |eν〉, energy gaps Ων , and spatial smearing
functions Fν(x). We consider the detectors to be at rest
with their centers of mass at positions xν in flat space-
time. Let us denote the initial state of the two detectors
by ρˆab,0, in which case the initial state of the detectors-
field system is
ρˆ0 = ρˆab,0 ⊗ ρˆφˆ,0. (25)
Again we assume that the system evolves according to
the Unruh-DeWitt interaction Hamiltonian, which in the
interaction picture takes the form
Hˆi,ab(t) =
∑
ν∈{A,B}
λνχν(t)µˆν(t)
∫
dnxFν(x− xν)φˆ(x, t).
(26)
Here χν(t) is the switching function for detector ν and
µˆa(t) := mˆa(t)⊗ 1b, µˆb(t) := 1a ⊗ mˆb(t) (27)
are operators acting on the two-detector Hilbert space
Ha ⊗Hb, with mˆν given by
mˆν(t) = σˆ
+
ν e
iΩνt + σˆ−ν e
−iΩνt. (28)
Following the same approach as in the single-detector
case, we find that the state of the two detectors after
their interaction with the field is
ρˆab = ρˆab,0 + ρˆ
(1)
ab + ρˆ
(2)
ab +O(λ
3
ν). (29)
Here, by O(λ3) we mean O(λiaλ
j
b) with i, j ∈ Z
+ and
4i+ j = 3. The terms ρˆ
(1)
ab and ρˆ
(2)
ab are given by
ρˆ
(1)
ab = i
∑
ν∈{A,B}
λν
∫ ∞
−∞
dtχν(t)[ρˆab,0, µˆν(t)]V (xν , t), (30)
ρˆ
(2)
ab =
∑
ν,η∈{A,B}
λνλη
[ ∫ ∞
−∞
dt
∫ ∞
−∞
dt′χν(t
′)χη(t)
× µˆν(t
′)ρˆab,0µˆη(t)W (xη, t,xν, t
′)
−
∫ ∞
−∞
dt
∫ t
−∞
dt′χν(t)χη(t
′)
× µˆν(t)µˆη(t
′)ρˆab,0W (xν , t,xη, t
′)
−
∫ ∞
−∞
dt
∫ t
−∞
dt′χν(t)χη(t
′)
× ρˆab,0µˆη(t
′)µˆν(t)W (xη, t
′,xν , t)
]
, (31)
where V (xν , t) and W (xη, t,xν , t
′) are defined as
V (xν , t) :=
∫
dnxFν(x− xnu)v(x, t), (32)
W (xη, t,xν , t
′) :=
∫
dnx
∫
dnx′ Fη(x− xη)Fν(x
′ − xν)
× w(x, t,x′, t′), (33)
and the one- and two-point functions v(x, t) and
w(x, t,x′, t′) are given in (23) and (24), respectively.
III. RESULTS
Thus far the only restriction we have placed on the
initial state of the detector(s)-field system is that the
field and detectors are uncorrelated, i.e., the joint state
can be written in the form (7) (one detector) or (25) (two
detectors). We now set the initial state of the field to be
a coherent state |α(k)〉, as defined in (5), so that
ρˆ
φˆ,0 = |α(k)〉〈α(k)|. (34)
We can now compute the one- and two-point functions
v(x, t) and w(x, t,x′, t′), defined in (23) and (24), respec-
tively. For v(x, t) we obtain
v(x, t) (35)
= 〈α(k)|φˆ(x, t)|α(k)〉
= 〈0|Dˆ†
α(k)φˆ(x, t)Dˆα(k)|0〉
= 〈0|Dˆ†
α(k)
∫
dnk1√
2(2pi)n|k1|
[
aˆ†
k1
ei(|k1|t−k1·x)+H.c.
]
Dˆα(k)|0〉
=
∫
dnk√
2(2pi)n|k|
(α∗(k)ei(|k|t−k·x) +H.c.),
where in the last line we used the commutator (6). Sim-
ilarly, the Wightman function w(x, t,x′, t′) is
w(x, t,x′, t′) (36)
= 〈0|Dˆ†
α(k)φˆ(x, t)φˆ(x
′, t′)Dˆα(k)|0〉
= 〈0|Dˆ†
α(k)
∫
dnk1√
2(2pi)n|k1|
[
aˆ†
k1
ei(|k1|t−k1·x) +H.c.
]
×
∫
dnk2√
2(2pi)n|k2|
[
aˆ†
k2
ei(|k2|t
′−k2·x
′) +H.c.
]
Dˆα(k)|0〉.
(37)
Using (6) we can simplify the above expression to obtain
w(x, t,x′, t′) = J(x, t)J(x′, t′) + J(x, t)J(x′, t′)∗
+ J(x, t)∗J(x′, t′) + J(x, t)∗J(x′, t′)∗
+ wvac(x, t,x
′, t′). (38)
Here, J(x, t) and wvac(x, t,x
′, t′) are given by
J(x, t) :=
∫
dnk√
2(2pi)n|k|
α(k)e−i(|k|t−k·x), (39)
wvac(x, t,x
′, t′) :=
∫
dnk
2(2pi)n|k|
e−i(|k|t−k·x)ei(|k|t
′−k·x′).
(40)
Note that, since wvac(x, t,x
′, t′) is independent of the
coherent amplitude of the field, α(k), this term is
present even when α(k) is identically zero. In fact,
wvac(x, t,x
′, t′) corresponds exactly to the Wightman
function of the vacuum state of the field—we call it a
vacuum term. On the other hand, J(x, t) does depend
on α(k), and vanishes when α(k) := 0. It is easy to ver-
ify that v(x, t) = 2Re[J(x, t)], and hence we can write
w(x, t,x′, t′) as:
w(x, t,x′, t′) = v(x, t)v(x′, t′) + wvac(x, t,x
′, t′). (41)
Notice that the two-point function is a sum of the vacuum
Wightman function and a product of two α(k)-dependent
one-point functions.
We can now compute V (xν , t) and W (xη, t,xν , t
′)
from (32) and (33), respectively, obtaining
V (xν , t) =
∫
dnxFν(x− xν)v(x, t), (42)
W (xν , t,xη, t
′) = V (xν , t)V (xη, t
′) +Wvac(xν , t,xη, t
′).
(43)
The vacuum term Wvac(xν , t,xη, t
′) is the pullback of
wvac(x, t,x
′, t′) on the detectors’ smeared worldlines:
Wvac(xν , t,xη, t
′) :=
∫
dnx
∫
dnx′ Fν(x− xν)Fη(x
′ − xη)
× wvac(x, t,x
′, t′). (44)
To proceed with the calculations of the one- and two-
detector final state density matrices, we must now set
the initial conditions for the detectors.
5A. Single detector
Let us suppose that a single detector A starts out in
its ground state:
ρˆa,0 = |ga〉〈ga|. (45)
Then, from (18) and (19), the state of the detector fol-
lowing its interaction with the field is (in the {|ga〉, |ea〉}
basis)
ρˆa =
(
1− Laa − L¯aa L¯
∗
a
L¯a Laa + L¯aa
)
+O(λ3a), (46)
where we have denoted with an overbar the terms that
explicitly depend on the coherent amplitude of the field
(and vanish for α(k) := 0). The terms without an overbar
are present even when the field starts in the vacuum state.
The vacuum terms are [22]:
Laa :=
∫
dnkLa(k)La(k)
∗, (47)
with La(k) defined by
La(k) := λa
eik·xaF˜a(k)√
2|k|
∫ ∞
−∞
dt χa(t)e
−i(|k|+Ωa)t. (48)
Here, F˜a(k) is the Fourier transform of the detector’s
smearing function Fa(x),
F˜a(k) :=
1√
(2pi)n
∫
dnxFa(x)e
ik·x. (49)
The α(k)-dependent terms in (46), L¯aa and L¯a, are
L¯aa := L¯aL¯
∗
a, (50)
L¯a := −iλa
∫ ∞
−∞
dtχa(t)e
iΩatV (xa, t), (51)
with V (xa, t) given in (42) for a coherent state.
Let us investigate the density matrix ρˆa (eq. (46)) in
more detail. Comparing it to the initial-time density ma-
trix ρˆa,0 (eq. (45)), we find that the probability of mea-
suring the detector in the excited state increases from the
initial value of 〈ea|ρˆa,0|ea〉 = 0 to 〈ea|ρˆa|ea〉 = Laa+ L¯aa.
These field-induced excitations are partly due to the vac-
uum term Laa, as well as the α(k)-dependent term L¯aa,
both of which are real and positive. The fact that a non-
vanishing coherent amplitude increases the detector’s ex-
citation probability is not surprising if we recall that co-
herent states (of the electromagnetic field) describe co-
herent light [25]. Indeed, the odds of finding a detector
in its excited state increase if we shine it with a laser.
Next let us calculate the eigenvalues Ea,i of the time
evolved density matrix ρˆa of detector A (46). We find
that its eigenvalues are
Ea,1 = 1− Laa +O(λ
3
a), (52)
Ea,2 = Laa +O(λ
3
a). (53)
Very remarkably, and unlike the excitation probability,
the eigenvalues are independent of the coherent ampli-
tude. Hence we can make the following statement:
Theorem 1: Consider an UDW particle detector
with arbitrary spatial smearing Fa(x), arbitrary switching
function χa(t), and field coupling strength λa. Then, to
O(λ2a), the eigenvalues of the time evolved density matrix
of the detector are the same whether the detector inter-
acts with an arbitrary coherent state of a scalar field or
with the vacuum.
Therefore, any property of the time evolved state of the
detector that depends solely on the spectrum of its density
matrix is independent of whether the detector interacts
with an arbitrary coherent state or with the scalar field
vacuum.
For example, the von Neumann entropy
S := −
∑
iEa,i ln(Ea,i) is independent of field co-
herence. Thus, while a detector interacting with a
field state of non-vanishing coherent amplitude will
experience a higher excitation probability than a second
detector interacting with the vacuum, the states of
the two detectors will be equally mixed following the
interactions.
Next we will show how the eigenvalues of the two-
detector final state density matrix ρˆab are also indepen-
dent of the coherent amplitude—and therefore so is the
amount of entanglement that the detectors harvest from
the field.
B. Two detectors
Suppose the pair of detectors A and B is initially in
the separable free ground state
ρˆab,0 = |ga〉〈ga| ⊗ |gb〉〈gb|. (54)
Following their interaction with the quantum field, their
bipartite state ρˆab is obtained from expressions (30)
and (31). The matrix representation of the time-evolved
state of the detectors is
6ρˆab =


1− Laa − Lbb − L¯aa − L¯bb L¯
∗
b L¯
∗
a M
∗ + M¯∗
L¯b Lbb + L¯bb L
∗
ab + L¯
∗
ab 0
L¯a Lab + L¯ab Laa + L¯aa 0
M+ M¯ 0 0 0

 +O(λ3ν), (55)
in the basis
{|ga〉 ⊗ |gb〉, |ga〉 ⊗ |eb〉, |ea〉 ⊗ |gb〉, |ea〉 ⊗ |eb〉}. (56)
As in the one-detector case, overbars indicate terms that
depend on the coherent amplitude of the field, and vanish
if the field is initialized to the vacuum state. On the other
hand, terms without an overbar (the vacuum terms) are
present even if the initial field state is the vacuum, as
was shown in [22]. The vacuum terms are [22]:
Lµν :=
∫
dnkLµ(k)Lν(k)
∗, (57)
M :=
∫
dnkM(k), (58)
where Lµ(k) and M(k) are given by
Lν(k) := λν
eik·xν F˜ν(k)√
2|k|
∫ ∞
−∞
dtχν(t)e
−i(|k|+Ων)t, (59)
M(k) := −
λaλb
2|k|
∫ ∞
−∞
dt
∫ t
−∞
dt′e−i|k|(t−t
′)
[
χa(t)χb(t
′)ei(Ωat+Ωbt
′)eik·(xa−xb)F˜a(k)F˜b(k)
∗
+χb(t)χa(t
′)ei(Ωbt+Ωat
′)eik·(xb−xa)F˜b(k)F˜a(k)
∗
]
.
(60)
Recall that F˜ν(k) is the Fourier transform of the smearing
function Fν(x), as defined in (49). The α(k)-dependent
terms in the density matrix ρˆab are (see Appendix A)
L¯µν := L¯µL¯
∗
ν , (61)
M¯ := L¯aL¯b, (62)
L¯ν := −iλν
∫ ∞
−∞
dtχν(t)e
iΩνtV (xν , t), (63)
with V (xν , t) given in (43).
Let us analyze in more detail the time-evolved state of
the two-detector system, ρˆab, given in (55). In particu-
lar, we are interested in whether the state of the (initially
unentangled) detectors is entangled following their inter-
actions with a coherent field state, and if so, how does the
amount of entanglement compare to when the detectors
interact with just the vacuum. Physically, we expect that
interacting with a non-vacuum coherent state (e.g. shin-
ing the detectors with a laser) will increase local noise
and therefore decrease the amount of entanglement be-
tween the detector pair.
Mathematical intuition may point to the same direc-
tion. The negativity of ρˆab—defined as the negative sum
of the negative eigenvalues of the partial transpose of ρˆab
[38]—is an entanglement monotone that vanishes only
for separable states [39, 40], and so it is often used to
quantify entanglement between the two detectors in har-
vesting scenarios. The authors of [22] showed that when
the field starts in the vacuum state and the detectors
in their ground states, the negativity of the final two-
detector state is a direct competition between local terms
that decrease the amount of entanglement and non-local
terms that increase it. Therefore we might naively expect
the α(k)-dependent L¯ν contributions to ρˆab, which are of
O(λν) and hence inherently local, to contribute predom-
inantly to noise terms and thus decrease the negativity.
At the very least, it would certainly be reasonable to ex-
pect that the substantial α(k)-dependent contributions
to ρˆab will alter the negativity, for better or for worse.
Remarkably, as we will now show, these seemingly
reasonable expectations are not correct: to O(λ2ν) the
amount of entanglement that can be harvested from the
field is independent of its coherent amplitude. In fact we
will prove a much more general result:
Theorem 2: Consider two UDW particle detec-
tors (A and B) with arbitrary spatial smearings Fν(x),
arbitrary switching functions χν(t), and field coupling
strengths λν , where ν ∈ {A,B}. Then, to O(λ
2
ν), the
eigenvalues of the time evolved density matrix of the two
detectors are the same whether the detectors interact with
an arbitrary coherent state of a scalar field or with the
vacuum. Additionally, the eigenvalues of the partially-
transposed density matrix of the two detectors are also
the same whether the detectors interact with an arbitrary
coherent state or with the vacuum.
Therefore, any property of the time evolved state of the
detectors that depends solely on the spectrum of their den-
sity matrix, or of its partial transpose, is independent of
whether the detectors interact with an arbitrary coherent
state or with the scalar field vacuum.
Proof: We will show that, to O(λ2ν ), the eigenvalues
Etb
ab,i of ρˆ
tb
ab (the partial transpose of ρˆab with respect to
detector B) are independent of the coherent amplitude
α(k). The proof for the eigenvalues of ρˆab is similar (see
Appendix B). The most obvious way to prove this re-
sult is to calculate the eigenvalues and expand them to
O(λ2ν). This is straightforward to do, but the expressions
obtained this way are very cumbersome. Instead we will
take a more indirect approach.
From (55), in the basis (56) the partially transposed
density matrix ρˆtbab is given by
7ρˆtbab =


1− Laa − Lbb − L¯aa − L¯bb L¯b L¯
∗
a L
∗
ab + L¯
∗
ab
L¯∗b Lbb + L¯bb M
∗ + M¯∗ 0
L¯a M+ M¯ Laa + L¯aa 0
Lab + L¯ab 0 0 0

+O(λ3ν), (64)
Being careful with the consistency of our perturbative
expansion, the eigenvalues of ρˆtbab are the roots of the
characteristic polynomial
p(x) = x4 + [−1 +O(λ3ν)]x
3 + [C2 +O(λ
3
ν )]x
2
+ [C4 +O(λ
5
ν)]x+O(λ
7
ν ), (65)
with C2 ∝ λ
2
ν and C4 ∝ λ
4
ν defined as
C2 := Laa + Lbb, (66)
C4 := |M|
2 − LaaLbb. (67)
Notice that the leading order coefficients of each power
of x in p(x) are independent of the coherent amplitude
α(k) (the L¯µν = L¯µL¯
∗
ν , M¯ = L¯aL¯b, and L¯ν terms cancel
exactly in the calculation of the determinant leading to
p(x)). The most general form for a root of p(x) is given
by
X = X0 +X1 +X2 +O(λ
3
ν), (68)
where the Xi term is of order O[(λν)
i]. We now sub-
stitute X into p(x) and systematically set terms propor-
tional to (λν)
i equal to zero order by order, starting from
i = 0 and moving up to higher orders until we determine
each Xi.
First, equating the terms of p(X) proportional to λ0ν
to zero, we obtain 0 = X30 (X0 − 1). Hence X0 = 0 or
X0 = 1.
Case 1: X0 = 1.
Equating the λ1ν terms in p(X) to zero, we obtainX1 = 0.
The λ2ν terms give X2 = −C2. Therefore, using the defi-
nition (66) of C2, the first root E
tb
ab,1 of the characteristic
polynomial p(x) is
Etb
ab,1 = 1− Laa − Lbb +O(λ
3
ν ). (69)
Case 2: X0 = 0.
In this case there are no terms in p(X) proportional to
λ1ν or λ
2
ν . Equating the terms proportional to λ
3
ν to zero
gives X1 = 0. There are no terms proportional to λ
4
ν
or λ5ν . Equating the terms proportional to λ
6
ν to zero
gives 0 = −X2(X
2
2 − C2X2 − C4). Hence X2 = 0 or
X2 = (C2 ±
√
C22 + 4C4)/2. Therefore the remaining
roots of p(x) are
Etb
ab,2 = 0 +O(λ
3
ν), (70)
Etb
ab,3 =
1
2
(
Laa + Lbb +
√
(Laa − Lbb)2 + 4|M|2
)
+O(λ3ν ), (71)
Etb
ab,4 =
1
2
(
Laa + Lbb −
√
(Laa − Lbb)2 + 4|M|2
)
+O(λ3ν ). (72)
In a similar manner we can show (see Appendix B)
that the eigenvalues Eab,i of ρˆab are:
Eab,1 = 1− Laa − Lbb +O(λ
3
ν), (73)
Eab,2 = 0 +O(λ
3
ν ), (74)
Eab,3 =
1
2
(
Laa + Lbb +
√
(Laa − Lbb)2 + 4|Lab|2
)
+O(λ3ν), (75)
Eab,4 =
1
2
(
Laa + Lbb −
√
(Laa − Lbb)2 + 4|Lab|2
)
+O(λ3ν). (76)
Note that these eigenvalues are all non-negative to lead-
ing order, as shown in Appendix B. We see that, to
O(λ2ν), the eigenvalues Eab,i of ρˆab and the eigenvalues
Etb
ab,i of ρˆ
tb
ab are fully determined by the vacuum terms
Laa, Lbb, Lab, and M, and are thus independent of the
coherent amplitude of the field. This completes the proof
of Theorem 2.
In the context of entanglement harvesting, we are inter-
ested in the eigenvalues Etb
ab,i, since, as discussed above,
they determine the negativity of the two-detector sys-
tem following its interaction with the field. We have
shown that the Etb
ab,i are, to O(λ
2
ν), equal to the eigenval-
ues of the two-detector density matrix calculated in [22],
where the authors considered a pair of detectors inter-
acting with the vacuum state of the field. Hence the
results from [22] regarding the dependence of vacuum
entanglement harvesting on detector parameters and the
spacetime dimensionality apply to entanglement harvest-
ing from any general coherent state.
There is a remarkable highlight of this result: one
would perhaps have expected that ‘shining a laser’ on a
couple of detectors would have increased the local noise
(indeed, as opposed to the vacuum case, there appear
order λν terms in the detectors excitation probabilities,
which are intrinsically local and leading-order), and as
such, decrease the ability of the detectors to harvest en-
tanglement [8, 22]. However, we find that the added lead-
ing order local noise in the case of coherent states has no
impact on the detector pair’s ability to harvest entan-
glement since its effect gets cancelled exactly by extra
correlation terms due to the coherent nature of the field
state. Mathematically, we see how first order local noise
terms only appear in the negativity with higher powers
of λν , and in a way that cancels exactly with new second
order terms, so as to leave the amount of harvestable
entanglement invariant with respect to changes in the
coherent amplitude of the field.
8IV. CONCLUSIONS
We studied the effects of interacting with a general
coherent state of a scalar field on the dynamics of one
and two Unruh-DeWitt particle detectors.
For the case of a single two-level detector initialized
to its ground state, unsurprisingly, the detector is more
likely to make a transition into its excited state if the
field is in an non-trivial coherent state rather than the
vacuum. Remarkably however, we found that the eigen-
values of the time-evolved detector’s density matrix fol-
lowing its interaction with the field are independent of
the coherent amplitude of the field state, at least to sec-
ond order in the detector-field coupling strength λa. Our
result shows, therefore, that any property of the detector
that is determined by the eigenvalues of its density matrix
is the same regardless of whether the detector interacts
with a general coherent field state or the vacuum. One
such property is the von Neumann entropy, implying, for
example, that if we have an ensemble of detectors in their
ground states, and we let each one interact with a differ-
ent coherent state of the field, following the interaction
all of the detectors’ states will be equally mixed.
Interestingly, we obtained an analogous result in the
case where we have a pair of detectors, initialized to
their ground states, interacting with the field. Namely
we found that, to second order in the detectors’ coupling
strengths to the field, the final state density matrix of
these detectors has a spectrum that is independent of
the coherent amplitude of the field. We also found this
to be true for the eigenvalues of the partially transposed
density matrix. A particular consequence of the latter
result is that the negativity of the two-detector system
(an entanglement measure often investigated in the con-
text of entanglement harvesting [7]) does not depend on
which coherent state the field was in. This is particularly
interesting since a non-vanishing coherent amplitude of
the field introduces inherently local leading order correc-
tions to the two-detector density matrix, and one may
have in principle expected this to introduce local noise,
which is detrimental to entanglement harvesting [8, 22].
We have seen that this is not the case for coherent states.
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Appendix A: Explicit computation of L¯ν , M¯ and L¯µν
We define L¯a := (ρˆ
(1)
ab )(3,1) to be the (3, 1) component
of the matrix representation (55) of ρˆab in the basis (56).
Hence, using (30),
L¯a = i
∑
ν∈{A,B}
λν
∫ ∞
−∞
dt χν(t)([ρˆab,0, µˆν(t)])(3,1)V (xν , t)
= −iλa
∫ ∞
−∞
dt χa(t)e
iΩatV (xν , t), (A1)
where we have evaluated ([ρˆab,0, µˆν(t)])(3,1) by using the
expressions for µˆν(t) in (27) and the expression for ρˆab,0
in (54). Similarly we define L¯b := (ρˆ
(1)
ab )(2,1), which gives
L¯b = i
∑
ν∈{A,B}
λν
∫ ∞
−∞
dtχν(t)([ρˆab,0, µˆν(t)])(2,1)V (xν , t)
= −iλb
∫ ∞
−∞
dtχb(t)e
iΩbtV (xν , t). (A2)
Next we define M + M¯ to be the (4, 1) component
of (55). Using (31) this gives:
M+ M¯ :=
∑
ν,η∈{A,B}
λνλη
[ ∫ ∞
−∞
dt
∫ ∞
−∞
dt′χν(t
′)χη(t)
× (µˆν(t
′)ρˆab,0µˆη(t))(4,1)W (xη, t,xν , t
′)
−
∫ ∞
−∞
dt
∫ t
−∞
dt′χν(t)χη(t
′)
× (µˆν(t)µˆη(t
′)ρˆab,0)(4,1)W (xν , t,xη, t
′)
−
∫ ∞
−∞
dt
∫ t
−∞
dt′χν(t)χη(t
′)
× (ρˆab,0µˆη(t
′)µˆν(t))(4,1)W (xη, t
′,xν , t)
]
.
(A3)
Recall from (43) that for coherent field states
W (xν , t,xη, t
′) can be written as
W (xν , t,xη, t
′) = V (xν , t)V (xη, t
′) +Wvac(xν , t,xη, t
′),
(A4)
where V (xν , t)V (xη, t
′) is an α(k)-dependent term and
Wvac(xν , t,xη, t
′) is a vacuum term. We define M¯ to be
the α(k)-dependent component of (A3), and M to be
the vacuum component of (A3):
M¯ := −λaλb
∫ ∞
−∞
dt
∫ t
−∞
dt′
×
[
χa(t)χb(t
′)eiΩateiΩbt
′
V (xa, t)V (xb, t
′)
+ χb(t)χa(t
′)eiΩbteiΩat
′
V (xb, t)V (xa, t
′)
]
, (A5)
M := −λaλb
∫ ∞
−∞
dt
∫ t
−∞
dt′
×
[
χa(t)χb(t
′)eiΩateiΩbt
′
Wvac(xa, t,xb, t
′)
+ χb(t)χa(t
′)eiΩbteiΩat
′
Wvac(xb, t,xa, t
′)
]
. (A6)
9The vacuum term M has been calculated in [22]. Mean-
while we can simplify the expression for M¯ in (A5) by
relabeling the integration variables in the second term,
thereby rewriting the expression as an integral over the
entire t-t′ plane:
M¯ = −λaλb
∫ ∞
−∞
dt
∫ ∞
−∞
dt′
× χa(t)χb(t
′)eiΩateiΩbt
′
V (xa, t)V (xb, t
′). (A7)
We can rewrite this using (A1) and (A2) as
M¯ = L¯aL¯b. (A8)
Next, we define Laa + L¯aa to be the (3,3) component
of (55), which comes from the first summand in (31).
We define L¯aa to be the α(k)-dependent term in this
component. This gives
L¯aa = λ
2
a
∫ ∞
−∞
dt
∫ ∞
−∞
dt′
× χa(t)χa(t
′)e−iΩateiΩat
′
V (xa, t)V (xa, t
′)
= L¯aL¯
∗
a. (A9)
Similarly, we define L¯bb to be the α(k)-dependent term
in (ρˆ
(2)
ab )(2,2), and we obtain
Lbb = L¯bL¯
∗
b. (A10)
Finally we define Lab + L¯ab to be the (3,2) compo-
nent of (55), and we define L¯ab to be the term in this
component that depends on α(k). This gives:
L¯ab = λaλb
∫ ∞
−∞
dt
∫ ∞
−∞
dt′
× χa(t)χb(t
′)e−iΩbteiΩat
′
V (xb, t)V (xa, t
′)
= L¯aL¯
∗
b. (A11)
We can succinctly write expressions (A9), (A10)
and (A11) as
L¯µν = L¯µL¯
∗
ν . (A12)
Appendix B: Computing the spectrum of ρˆAB
The eigenvalues of ρˆab (equation (55)) are the roots of
the characteristic polynomial
q(y) = y4 + [−1 +O(λ3ν )]y
3 + [C′2 +O(λ
3
ν )]y
2
+ [C′4 +O(λ
5
ν)]y +O(λ
7
ν), (B1)
with C′2 ∝ λ
2
ν and C
′
4 ∝ λ
4
ν defined as
C′2 := Laa + Lbb, (B2)
C′4 := |Lab|
2 − LaaLbb. (B3)
Notice that the leading order coefficients of each power
of y in q(y) are independent of the coherent amplitude
α(k) (the L¯µν = L¯µL¯
∗
ν , M¯ = L¯aL¯b, and L¯ν terms cancel
exactly in the calculation of the determinant leading to
q(y)). The most general form for a root of q(y) is given
by
Y = Y0 + Y1 + Y2 +O(λ
3
ν ), (B4)
where the Yi term is O[(λν)
i]. We now substitute Y into
q(y) and systematically set terms proportional to (λν)
i
equal to zero, starting from i = 0 and moving up to
higher orders until we determine each Yi. To that end,
equating the terms of q(Y ) proportional to λ0ν to zero,
we obtain 0 = Y 30 (Y0 − 1). Hence Y0 = 0 or Y0 = 1.
Case 1: Y0 = 1.
Equating the λ1ν terms in q(Y ) to zero, we obtain Y1 = 0.
The λ2ν terms give Y2 = −C
′
2. Therefore, using the defi-
nition (B2) of C′2, the first root Eab,1 of the characteristic
polynomial q(y) is
Eab,1 = 1− Laa − Lbb +O(λ
3
ν). (B5)
Case 2: Y0 = 0.
In this case there are no terms in q(Y ) proportional to
λ1ν or λ
2
ν . Equating the terms proportional to λ
3
ν to
zero gives Y1 = 0. There are no terms proportional
to λ4ν or λ
5
ν . Equating the terms proportional to λ
6
ν to
zero gives 0 = −Y2(Y
2
2 − C
′
2Y2 − C
′
4). Hence Y2 = 0
or Y2 = (C
′
2 ±
√
C′22 + 4C
′
4)/2. Therefore the remaining
roots of q(y) are
Eab,2 = 0 +O(λ
3
ν ), (B6)
Eab,3 =
1
2
(
Laa + Lbb +
√
(Laa − Lbb)2 + 4|Lab|2
)
+O(λ3ν), (B7)
Eab,4 =
1
2
(
Laa + Lbb −
√
(Laa − Lbb)2 + 4|Lab|2
)
+O(λ3ν). (B8)
Since the eigenvalues of ρˆab depend only on the vac-
uum terms Laa, Lbb, and Lab, this concludes the proof
that these eigenvalues are independent of the coherent
amplitude α(k).
As a consistency check, we can ensure that the eigen-
values of the positive semi-definite density operator ρˆab
are non-negative. Eab,1 is non-negative by assumption,
since we assume that the coupling constants λa and λb,
which appear in Laa and Lbb, are small (if Eab,1 were
negative, λa and λb would not be small enough for us to
work in the perturbative regime as we have done). Also,
Eab,2 is zero, and hence non-negative, to O(λ
2
ν).
To show that Eab,3 and Eab,4 are non-negative, we first
recall the definition of Lµν from (57).
Lµν =
∫
dnkLµ(k)Lν(k)
∗. (B9)
Clearly Laa and Lbb are non-negative, and therefore so
is Eab,3. Proving that Eab,4 is non-negative is more in-
volved. We start with a lemma.
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Lemma: Let (ai)
n
i=1 and (bi)
n
i=1 be two sequences of
non-negative real numbers. Then
n∑
i=1
a2i
n∑
j=1
b2j ≥

 n∑
i=1
aibi

2 . (B10)
Proof : We first evaluate the left-hand side of (B10).
n∑
i=1
a2i
n∑
j=1
b2j =
∑
1≤i,j≤n
a2i b
2
j
=
n∑
i=1
a2i b
2
i +
∑
1≤i<j≤n
(a2i b
2
j + a
2
jb
2
i ). (B11)
Meanwhile the right-hand side of (B10) evaluates to
 n∑
i=1
aibi

2 = ∑
1≤i,j≤n
aibiajbj
=
n∑
i=1
a2i b
2
i +
∑
1≤i<j≤n
2aibiajbj. (B12)
Using the fact that
0 ≤ (aibj − ajbi)
2 = a2i b
2
j + a
2
jb
2
i − 2aibiajbj , (B13)
we obtain that a2i b
2
j + a
2
jb
2
i ≥ 2aibiajbj , which, together
with (B11) and (B12) proves the lemma.
Corollary: Let fa(k) and fb(k) be real-valued, non-
negative, continuous, functions of k. Then, taking the
continuum limit of the sums in the lemma, one obtains
that∫
dnk fa(k)
2
∫
dnk′ fb(k
′)2 ≥
(∫
dnk fa(k)fb(k)
)2
.
(B14)
Now, define Lν(k) := fν(k)e
iθν(k) for ν ∈ {A,B}, with
fν(k) being real-valued, continuous, non-negative func-
tions of k. Then, using the definition (B9) we can rewrite
LaaLbb as
LaaLbb =
∫
dnk fa(k)
2
∫
dnk′ fb(k
′)2. (B15)
On the other hand, we can write |Lab|
2 as
|Lab|
2 =
∣∣∣∣
∫
dnk fa(k)fb(k)e
i(θa(k)−θb(k))
∣∣∣∣
×
∣∣∣∣
∫
dnk′ fa(k
′)fb(k
′)e−i(θa(k
′)−θb(k
′))
∣∣∣∣ . (B16)
Note that for a real-valued, non-negative function f(k)
of k, and a real-valued function θ(k) of k, it is easily
shown that ∣∣∣∣
∫
dnk f(k)eiθ(k)
∣∣∣∣ ≤
∫
dnk f(k). (B17)
Hence, from (B16), we obtain
|Lab|
2 ≤
(∫
dnk fa(k)fb(k)
)2
. (B18)
Then, using (B15), (B18), and the corollary (B14), one
obtains
LaaLbb ≥ |Lab|
2. (B19)
Using this, we can obtain a bound on the radicand in
expression (B8) for Eab,4,
(Laa − Lbb)
2 + 4|Lab|
2
= (Laa + Lbb)
2 − 4LaaLbb + 4|Lab|
2
≤ (Laa + Lbb)
2, (B20)
which proves that Eab,4 ≥ 0. Hence all of the eigenvalues
Eab,i of the density matrix ρˆab are non-negative.
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